Neuroplasticity in the vocal control system of songbirds is strongly inf luenced by seasonal f luctuations in circulating testosterone. These seasonally plastic telencephalic structures are implicated in the learning and production of song in songbirds. The role of the indoleamine melatonin in seasonal adaptations in birds has remained unclear. In this experiment, European starlings were castrated to remove the neuromodulating activity of gonadal steroids and were exposed to different photoperiods to induce reproductive states characteristic of different seasonal conditions. Long days increased the volume of the song-control nucleus high vocal center compared with its volume on short days. Exogenous melatonin attenuated the long-day-induced volumetric increase in high vocal center and also decreased the volume of another song-control nucleus, area X. This effect was observed regardless of reproductive state. To our knowledge, this is the first direct evidence of a role for melatonin in functional plasticity within the central nervous system of vertebrates.
European starlings (Sturnus vulgaris) are highly photoperiodic (1) . Reproductive activity occurs in the spring as day length is increasing (i.e., photostimulation occurs), but is subsequently curtailed by the onset of photorefractoriness during exposure to long day lengths. During the onset of photorefractoriness, the hypothalamo-pituitary-gonadal (HPG) axis becomes inactive and the gonads regress (2) . Starlings remain refractory to long day lengths until short days are experienced in the winter; the HPG axis slowly becomes responsive again in the absence of a long day photostimulus, in preparation for increasing day length and consequent full reproductive activity in the spring. It must be noted that these centrally mediated different reproductive states are not mediated by seasonal changes in gonadal steroids and still occur at the levels of the hypothalamus and the pituitary gland, even in the absence of gonads (2) . Coincident with changes in reproductive activity, seasonal neuroplasticity now documented in several species of oscine songbirds occurs within discrete telencephalic nuclei that are involved in song learning and production (3) (4) (5) (6) (7) . Increases in the volumes of these song-control nuclei largely depend on seasonal increases in circulating testosterone (T) and its metabolites (8) (9) (10) that are directly related to the annual reproductive cycles of these birds (11) . These seasonal changes in volumes of the song-control nuclei are associated with changes in cell size and cell number in various song-control nuclei (12) .
Recent studies suggest that there are gonad-and Tindependent seasonal changes in the volumes of song nuclei (13) (14) (15) . To date, it has been unclear what factors might be contributing to these T-independent neuronal changes. A complex suite of physiological events occurs during the onset of photorefractoriness (2) . These include changes in circulating concentrations of photoperiodically controlled hormones other than T. There are also alterations in the responsiveness of the brain to hormones, and there could be other intrinsic changes in the brain associated with the different reproductive states of photosensitivity, photorefractoriness, and photostimulation (16) .
One candidate for the regulation of T-independent changes in the song-control system is the photoperiodically controlled hormone melatonin. Melatonin concentrations in plasma are high during the dark phase of the circadian cycle among all vertebrate taxa including birds and mammals (16) . This results in a seasonal change in the pattern of secretion; longer durations of high melatonin are characteristic of the short day lengths of the fall and winter, and short durations of high melatonin secretion are characteristic of the long days of the spring and summer (16) . Although seasonal changes in the pattern of secretion of melatonin are identical in birds and mammals, birds, unlike mammals, do not use the melatonin signal to time their reproductive effort to an opportune time of year (17, 18) . The function of annual fluctuation in the nocturnal melatonin signal in birds is unclear, but it has been implicated in the synchronization of circadian activity rhythms (19, 20) and seasonal changes in immune function (21) . We propose that annual adjustments in melatonin secretion are also involved in the regulation of seasonal changes in the structure of the song-control system. Recent findings are consistent with this hypothesis. For example, the peak in the ratio of dying high vocal center (HVc) cells is preceded by a shortening day length (and hence is coincident with an increased duration of the melatonin signal) (22) . In addition, melatonin binding sites have been described in the songcontrol system of three songbird species, including starlings (23) (24) (25) . In starlings, the telencephalic nuclei HVc, the lateral magnocellular nucleus of the anterior neostriatum (lMAN), area X, and nucleus robustus archistriatalis (RA) all contain melatonin binding sites (24) . To enable us to identify steroidindependent effects of changing photoperiod and of melatonin manipulation upon seasonal neuroplasticity within the starling song system, we used castrated male starlings. In this way, we removed the neuromodulating activity of seasonal changes in gonadal steroids and also any possible confounding effects of interactions of steroids with melatonin upon the song system.
MATERIALS AND METHODS
Animals. Twenty-four photorefractory male starlings [held on 18L:6D (18 h light and 6 h darkness) per day] were castrated under anesthesia (intramuscular injection of 3.5 mg secobarbital sodium salt; Sigma, product no. S-1378), the testes removed through bilateral incisions between the last pair of ribs. Birds were then randomly allocated to one of four groups (n ϭ six per group). They were housed in cages (49 ϫ 95 ϫ 51
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
PNAS is available online at www.pnas.org.
Abbreviations: T, testosterone; HVc, high vocal center; lMAN, lateral magnocellular nucleus of the anterior neostriatum; RA, nucleus robustus archistriatalis. † To whom reprint requests should be addressed. e-mail: bzgeb@ren. psy.jhu.edu. cm; n ϭ six per cage) and were supplied with food (turkey starter crumbs) and water ad libitum. All groups were held in cages at equivalent positions in separate cage racks. Photorefractory birds to be implanted with melatonin capsules (Prefr MEL) and photorefractory birds to be implanted with blank capsules (Prefr BLANK) remained on 18L:6D for 58 days. During this time, groups Pstim MEL (those eventually to be photostimulated and implanted with melatonin capsules), Pstim BLANK (those eventually to be photostimulated and implanted with blank capsules), and Short Day BLANK (to remain on short days, 8L:16D, throughout the experiment) were transferred to short days to regain photosensitivity.
Hormone Treatments. Once all the birds were in the correct reproductive state for this experiment, the two MEL groups were implanted with silastic capsules containing melatonin. Silastic tubing (a total of 60 mm per bird, 1.47 mm i.d. ϫ 1.96 mm o.d.) containing melatonin (Sigma, product no. M-5250) or left empty was implanted intraperitoneally, by using a technique similar to that described for castration. The amount of melatonin used was calculated to give a ''high'' dose, as described in ref. 26 . The three BLANK groups were implanted with empty silastic capsules. Each group was transferred to its respective photoperiod on the day of implantation. Groups Prefr MEL and Prefr BLANK were maintained on 18L:6D; Pstim MEL and Pstim BLANK were transferred from short days to 18L:6D to photostimulate them, and the Short Day BLANK group remained on 8L:16D. Thus, of the four groups that experienced long day lengths, two of them were exposed to a long exogenous melatonin signal (akin to a very short day). In addition, these two groups were either photostimulated or photorefractory, so they were in different reproductive states. The fifth group, which experienced short days and thus also experienced a short-day melatonin signal, was photosensitive. The birds remained on their respective photoperiods for 24 days, at which point they were decapitated and the brains collected. A period of 24 days was chosen so that the photostimulated groups had time to become fully photostimulated but were not exposed to long days for a sufficient period of time to become photorefractory.
Volume Reconstruction. Volumes of the song-control nuclei were reconstructed by four independent observers unaware as to the groups and manipulations involved, using NIH IMAGE 1.62 with an Apple Macintosh computer. Frozen brains were cut coronally at 25 m. Every fourth section was collected for Nissl stain. Volumes were reconstructed by measuring the area of each nucleus on each section, summing the area measurements and multiplying by the distance between sampled sections.
Blood Sampling and Radioimmunoassay. Blood samples were obtained immediately before the start of the experiment and again 3 days before its termination. Blood was collected during the daytime (10 a.m.) so that we could demonstrate that the melatonin implants had indeed elevated plasma melatonin in the implanted birds. At this time of day, endogenous concentrations of melatonin are minimal. By using this fact, we were able to determine to what extent our treatment had caused an increase in plasma melatonin, by comparison with the groups implanted with blank silastic capsules. A superficial wing vein was pricked and ca. 0.5 ml blood was collected into heparinized glass capillary tubes. The blood was centrifuged at 1,500 ϫ g for 10 min, and the plasma was separated and stored at Ϫ20°C. Plasma was assayed for T via radioimmunoassay, as described in ref. 27 . Melatonin was measured via radioimmunoassay as described in ref. 28 and that was validated for starlings as described in ref. 29 .
Data Analysis. Data were analyzed by using one-way ANOVA followed by Fisher's protected least significant difference for multiple comparisons.
RESULTS
None of the birds had detectable plasma T. In confirmation of the radioimmunoassay, there were no signs of change of beak color from black to yellow in any of the birds, a sensitive bioassay for the presence of T (30) . All of the birds were castrated when they were photorefractory (before the start of the experiment), and photoperiod was subsequently manipulated to induce the different reproductive states. In addition, all of the birds were the same age (first year), so all groups experienced similar previous exposure to T. The melatonin assay data presented in Fig. 1 demonstrate that the melatoninimplanted birds had elevated plasma melatonin as compared with birds with empty implants.
An effect of photoperiod was observed in the HVc, regardless of reproductive state (Figs. 2 and 3) . Starlings with empty implants that were exposed to long days (18 h of light and 6 h of darkness per day, 18L:6D) had larger volumes of HVc than starlings with empty implants exposed to short days (8L:16D; Short Day BLANK). Thus, long days increased the volume of HVc, regardless of whether birds were photostimulated (Pstim) or photorefractory (Prefr). Melatonin treatment attenuated the long-day-induced increase in volume of HVc, also regardless of reproductive state (Figs. 2 and 3 ). HVc in melatonin-treated birds on long days (Pstim MEL and Prefr MEL) was similar in volume to that in short-day birds with blank implants. The latter observation suggests that even though the administration of melatonin may have been pharmacological in terms of duration (i.e., constant release vs. pulsatile) and concentration (on average, double the peak Proc. Natl. Acad. Sci. USA 96 (1999) endogenous concentration observed in starlings), the observed effects were similar in magnitude to those seen in birds exposed to an increased endogenous melatonin signal, namely the Short Day BLANK group. The volume of another song-control nucleus, area X, did not differ between long-and short-day birds, but it was significantly smaller in melatonin-treated starlings (Fig. 2) . The lack of an effect of reproductive state upon HVc and area X volume presumably reflects the lack of circulating gonadal steroids. In intact birds, the Pstim BLANK group would presumably have had larger volumes of these nuclei and greater song output than the Prefr BLANK group (although we did not measure song output in this study). Two other song-control nuclei, the lMAN and RA, were unaffected by photoperiod, melatonin treatment, or reproductive state; the same is true for two non-song-control nuclei rotundus (Rt) and pretectalis (Pt) (Fig. 4) .
DISCUSSION
These studies confirm and extend previous work on seasonal plasticity of HVc in European starlings that had demonstrated an important role for T and reproductive state in regulating volumetric changes in HVc (31) . To summarize, a change in photoperiod caused volumetric changes in HVc of European starlings, and this effect was independent of changes in circulating gonadal steroids. Exogenous melatonin administration attenuated the long-day-induced increase in the volume of HVc to a degree similar to that caused by transfer to a short photoperiod. Thus, natural and artificial increases in the duration of the melatonin signal have similar effects on HVc. In addition, the song-control nuclei HVc, lMAN, area X, and RA in starlings all contain melatonin receptors (24) . Exogenous melatonin also decreased the volume of area X, indicating that this nucleus is responsive to a degree to changes in the melatonin signal, but less so than HVc. Thus, these data are strong evidence of a role for melatonin: involvement in seasonal neuroplasticity in telencephalic areas in songbirds. It is unclear as to why there are differential effects of melatonin and͞or photoperiod on different song-control nuclei, even though they all contain melatonin binding sites. However, HVc and area X tend to be the more seasonally labile song-control nuclei in terms of volumetric changes (8) (9) (10) , and the receptor subtype relative densities and population distributions within these nuclei require quantification. It is possible that melatonin is acting indirectly via an (as yet undescribed) action upon adrenal steroids and͞or castration-resistant steroids, such as estradiol. Circulating estradiol is sometimes elevated in young castrated songbirds (32, 33) , but it is unclear whether this is a seasonal phenomenon. Even though all the birds in this study were castrated, the surgery did not affect the endocrine state of the photorefractory birds, as these are essentially castrated as a result of photoperiod manipulation. Thus, if castration does increase the concentration of circulating adrenal steroids (1999) in adult starlings, then we would expect even gonad-intact photorefractory starlings to have high circulating adrenal estrogens. When administered in extremely high doses, melatonin can suppress the production of adrenal steroids in mammals (34) . The only song-control nucleus that has a high number of estrogen receptors is HVc (35) , and HVc morphology is affected by circulating estrogens. If increased melatonin secretion suppresses circulating estradiol, then this could be a mechanism by which melatonin is acting upon the song system even in gonad-intact birds, quite apart from the more likely direct action of melatonin upon melatonin receptors in the song-control nuclei. As the action of estrogens on HVc affects the volumes of other song-control nuclei, such as area X (36), then this could in some way explain the differential action of melatonin upon different song-control nuclei. Whatever its mode of action, melatonin may be acting to ''fine tune'' the more dramatic effects of T on the song system, precisely timing the volumetric changes to a specific time of the year. Brain space for learned tasks such as singing is hypothesized to be energetically costly (37) , thus it would be advantageous to an individual to time an increase in volume of brain areas to a narrow window of time when it will reap the maximum benefit. As spring progresses, starling plasma T concentrations rise, and elevated T causes increases in the volumes of song-control nuclei (5) . It may well be that the nocturnal duration of melatonin secretion holds the T-induced increases in volumes of song-control nuclei in check at the start of the spring, but not later on in the spring. At this time of year, day length increases further, and it is more beneficial in terms of the effect of increased singing behavior on reproductive success to increase the size of these brain areas. Similarly in the fall, the increased melatonin signal associated with decreasing day length would cause the song-control nuclei to shrink to a greater extent than the termination of gonadal steroid secre- Proc. Natl. Acad. Sci. USA 96 (1999) tion alone, as occurs at the onset of photorefractoriness. The mode of action of melatonin requires elucidation, however, and the activity of its receptors within the song-control nuclei needs to be quantified at different stages during the annual cycle. It is likely that fluctuations in plasma T alter the density of melatonin receptors within the brain, as in the pars tuberalis of mammals, where T has a negative effect on receptor density (38) . Additionally, the action of other photoperiodically controlled hormones (e.g., thyroid hormones) within the song system demands investigation to clarify the full effects of changing photoperiod and hormone interactions on seasonal neuroplasticity in songbirds.
